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Abstract 
The ellipsometric characteristics of relatively thick hydrous Pt oxide layers (HPtOLs) produced by oxidation- 
reduction cycling in the 0-2.4 V range in 1 M H2SO4, and the surface topography of electrodispersed Pt electrodes 
(EDPtEs) obtained by electroreducing the HPtOLs have been determined in the 400-700 nm range at 25 °C. The 
HPtOL is light absorbing and can be described as a layer made up of H20 and Pt oxide. The water content increases 
with increasing layer thickness, approaching a PtO2-to-H20 molar ratio of about 4. The EDPtE resulting from the 
slow electroreduction of HPtOL can be described as a rough structure with a metal-to-void ratio close to 0.5, which 
is consistent with a brush-like geometry. 
1. Introduction 
Electrodispersed Pt electrodes (EDPtEs) with a defin- 
ite roughness can be obtained by electroreducing hy- 
drous Pt oxide layers (HPtOLs) which have been formed 
on Pt electrodes by application of a fast periodic per- 
turbing potential [ 1, 2]. The structure of  the HPtOL 
consists of an inner compact PtO layer [ 1, 3-6], and an 
outer layer which has been formulated as [PtO2(OH)2- 
(H20)2] 2- or [Pt(OH)6] 2- [3]. The optical growth of the 
outer layer in acid takes place at about 2.3 V with respect 
to a reversible hydrogen electrode [7, 8]. Pt(IV) species 
are present in the thick oxide layer structure formed at 
relatively high positive potentials [9-13]. 
The topography of  the EDPtE was described as a 
brush-like topography made up of round capped cylin- 
drical bristles [14-17]. The present work is devoted 
to investigating the ellipsometric response of HPtOLs 
and EDPtEs to obtain information about the water-to- 
platinum oxide and metal-to-void ratios, respectively, 
and their variation with environmental conditions. 
2. Experimental details 
The ellipsometer was a Rudolph Research type 
437002-200 E instrument equipped with a 150 W tung- 
sten lamp and an RCA IP 21 photomultiplier. It was 
employed in the null mode with the incident .light beam 
at 69 ° and the azimuth angle (compensator) set at 135 °. 
The 400-700 nm spectral range was covered by using 
adequate filters. Measurements of the phase shift A and 
the arctangent ~ of  the amplitude ratio of the orthogo- 
nal components of the polarized light, were carried out 
at 25 °C. 
The cell consisted of two optical glass windows 
(~ = 20 mm) for the reflection of the light beam at the 
Pt working electrode surface (apparent area, 1.13 cm2), 
the latter being horizontally placed. A Pt counterelec- 
trode and a hydrogen reference electrode were em- 
ployed. 1 M H2SO4 was used. The alignment of the cell 
with respect to the incidence plane allowed readings to 
be made at different locations of  the electrode surface 
(light beam section, 0.7 ram). 
The working electrode after providing a well-behaved 
voltammogram was held at 0.06 V to obtain the ellipso- 
metric parameters of the blank. Subsequently, the po- 
tential was stepped to 1.52 V to find the ellipsometric 
parameters of the O-adatom-coated Pt electrode. Then 
it was subjected to a 3.3 kHz square wave potential 
between 0.00 and 2.40 V for 10 s < t < 240 s to accumu- 
late the HPtOL [ 1]. The ellipsometric parameters of the 
HPtOL were determined at 1.52 V. Subsequently, the 
HPtOL was electroreduced at either 0.002 or 0.1 V s -1, 
and the electroreduction charge QR was evaluated. 
Finally, the optical parameters of  the EDPtE were 
determined. 
The roughnesses of EDPtEs were determined through 
the voltammetric H-atom electrodesorption charge, the 
H adatom monolayer charge  density being taken as 
0.210 mC cm -2. The relative increase R in the electrode 
surface area (hereafter called the roughness factor) was 
evaluated from the following ratio: 
R AR 
Ao (I) 
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where ,4 R is the real surface area of  the EDPtEs and Ac 
is the geometric surface area of  a standard smooth Pt 
electrode. 
The accuracy and reproducibility of  results were de- 
termined considering the known sources of  uncertainty 
which are described in the literature [18-20]. The abso- 
lute uncertainties in the polarizer and analyser readings 
were about +__0.2 ° . This value represents our estimate 
of the 95% confidence interval. The reproducibility of  
these readings appears to be of  the order of  0.02 ° when 
examining the same spot and when taking measure- 
ments by the same sequence of  the polarizer and analy- 
ser. Large variations in readings were found when 
scanning over some of  the surfaces and these are as- 
cribed to the variable nature of  the surface texture. 
3. Results 
3. I. Fitting procedure 
Ellipsometric data were obtained at 405, 450, 492, 
546, 580 and 671 nm. The starting fitting procedure 
assumed HPtOL and EDPtE to be a single isotropic 
homogeneous layer. Data obtained in this way were 
compared with the results for single uniaxial an- 
isotropic films [21]. The program used a subroutine 
DFMCG to find the local minimum of  a function of  
several variables by the method of  conjugated gradi- 
ents. For  each wavelength 2 ,  the experimental values 
A u and 7 'ij corresponding to a different film thicknesses 
dj were fitted by a single pair of  optical indices n; and ki. 
Simultaneously, for each value of  dj, the optical data 
measured at different 2 i must fit the same real dj value. 
Accordingly, the optical constants were unambiguously 
calculated by minimizing the function F: 
27 6 
F = ~ Z (A,xp i j -  Atheor/J)2 "t- ( I / ] e x p / j  - -  ~"/theoriJ) 2 
j = l  i = l  
where the i stand for the different 2;, and the j denote 
different values of  dj [18]. 
3.2. The hydrous Pt oxide layers 
The values of  A and ~ for the HPtOLs measured at 
1.52 V in the central part of  the electrode are shown 
in Fig. 1. The values of n and k and their dependences 
on 2 (Fig. 2) are consistent with an HPtOL containing 
a relatively large amount of water. The calculated values 
of the HPtOL thickness dox, at different positions on the 
same electrode show a radial distribution of  dox on the 
surface which can be related to the non-uniform primary 
current distribution at the Pt disc electrode [22]. 
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Fig. 1. ,4 vs. tp plots for HPtOLs at six wavelengths. The Pt oxide 
layers were electroreduced at two scan rates, namely 0.002 V s -  ' ( x ) 
and 0 . 1 V s - '  (©)  where a Pt base is used for the scan rate of  
O. 1 V s -  ': 0 ,  ,4 vs. 7 j plots calculated with n and k values taken from 
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Fig. 2. n vs. 2 and k vs. 2 plots for HPtOLs  at 1.52 V. 
3.3. Ellipsometric data of  electrodispersed Pt electrodes 
Figures 3(a) and 3(b) show the radial distribution 
of  ellipsometric data for the same EDPtE at v = 
0.002 V s - ' ,  and the effect of  v for different EDPtEs 
respectively. Despite data scattering, there is a clear 
dependence of  the ellipsometric parameters on v. The 
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Fig. 3. Ellipsometric data  obtained at 546 nm for EDPtE produced 
from HPtOL electroreduction. (a) Experimental data  obtained at 
v = 0.002 V s - '  (A) ,  calculated data  for an isotropic film ( O )  and 
calculated data for an anisotropic uniaxial film (©) .  The numbers  
indicate the average thickness in nanometres.  (b) Data  from different 
runs at v = 0.002 V s - '  ( A )  and v = 0.1 V s - '  ( © )  calculated for an 
isotropic film. 
broken curve corresponds to the fitted theoretical curve 
for an isotropic homogeneous metal layer with the 
refractive index n = 1.865- 1.733i. A better fit is ob- 
tained for a uniaxial anisotropic film with np = 1.607 - 
3.548i, n, = 2.158 - 1.747i (full circles), where np and ns 
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Fig. 4. Plot o f  dox vs. QR for different dox. 
and perpendicular (s) to the incidence plane. A trend to 
higher values of n and k at higher electroreduction rates 
can be observed (Table 1). 
The n vs. 2 plots exhibit a maximum at about 550 nm, 
a spectral region where the electroreflectance spectrum 
of the EDPtE shows a specific broad peak [23]. The 
dependence of the HPtOL and EDPtE thicknesses on QR 
are depicted in Figs. 4 and 5, respectively. 
4. Discussion 
4.1. The probable composition o f  the hydrous Pt  
oxide layers 
Anodic Pt oxide layers contain variable amounts of 
H20 depending on the preparation conditions [6, 12, 
24]. The stoichiometry of the HPtOL can be expressed 
as PtO2'pH20, where p is the number of moles of H20 
per mole PtO2. From either the n vs. qH20 (or qPto2,  a s  
qH20 = 1--qPto2) or the k vs. q H 2 0  (or qpto2) plots, 
TABLE 1. Average optical parameters  derived for electrodispersed Pt electrodes: comparison with bulk Pt data  
2 EDPtL 
(nm) 
Scan rate of  0.002 V s - '  (case 1) 
d = 1-50 nm, 
q = 58 + 5 vol.% metal 
d = 2 0 - 5 0  nm, 
q = 54 -I- 5 vol.% metal 
Scan rate of  0.100 V s - '  (case 2) 
d = 1-50  nm,  
q = 62 + 5 vol.% metal 
d = 20-50  nm, 
q = 59 + 5 vol.% metal 
n k n k n k n k 
Pt (bulk) 
n k 
405 1.39 -t- 0.09 1.74 -t- 0.07 1.43 _+ 0.09 1.73 -I- 0.07 1.61 _ 0.09 1.96 -I- 0.07 1.64 -t- 0.09 1.97 -t- 0.07 1.467 + 0.003 3.003 _ 0.005 
450 1.50 1.82 1.55 1.80 1.73 2.07 1.77 2.08 1.613 3.272 
492 1.54 1.91 1.59 1.89 1.79 2.17 1.84 2.17 1.691 3.540 
546 1.57 2.05 1.63 2.01 1.86 2.31 1.92 2.29 1.797 3.917 
580 1.49 2.20 1.55 2.14 1.82 2.49 1.88 2.44 1.759 4.267 
671 1.66 2.46 :1.71 2.40 2.07 2.71 2.13 2.66 2.122 4.725 
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Fig. 5. d R vs. QR plot for EDPtEs for two electroreduction condi- 
tions: O, v=2mVs-~; O, v= 100mVs -t. 
where q is the fractional molar H20-to-PtO2 volume 
ratio; a second estimation of  the latter can also be made 
through the Maxwell Garnett  [25] theory (MGT)  [26] 
by assuming that the HPtOLs can be described in terms 
of  a composite material. In this case, for qPto2 = 1 and 
knowing the composition of  fl-PtO2, then values 
n = 2.44 and k = 0.08 at 2 = 546 nm were chosen [27]. 
Then, from the experimental value n = 1.59, we find 
that qn2o = 0.77 (qPtoz = 0.23), i.e. nH2o/npto2 = 4.1. 
The fitting procedure applied to data obtained at differ- 
ent thicknesses [28] shows small decreases in n and k 
for increasing thicknesses corresponding to a change in 
qn2o ~ 0.04. 
Analogous results can be obtained from the dox vs. 
QR plot. Accordingly, by taking the specific gravity 
of PtOz as 10.2 g cm -3, the volume of  water can be 
obtained. From these results it was concluded that for 
dox ,0,  the composition of  the HPtOL approaches 
that of  the anhydrous PtOz layer whereas, for QR > 
300 mCcm -2, p ,4 ,  the composition of  the HPtOL 
tends to be Pt(OH)4.2H20. 
Therefore the present results show that the ellipso- 
metric response of  HPtOLs differs considerably from 
the response of other Pt anodic layers formed on Pt in 
acid when the potential is anodic to 0.95 V [29, 30], as 
in the former case the H20  content becomes larger than 
that assigned to chemically prepared Pt oxide layers 
such as PtO.H20 [31-33]. 
4.2. The electrodispersed Pt  electrodes 
Considering that the light beam domain of  the rough 
surface is equivalent to a homogeneous layer on a flat 
surface for the reflection of  light [18, 25, 26, 34, 35], 
the EDPtEs can be described as a single composite 
layer involving a population of  metal grains and voids 
under certain geometric arrangements. Accordingly, the 
dielectric and transport properties of  the EDPtE com- 
posite layer can be approximated in a generalized way 
from either the M G T  or the effective-medium theory 
(EMT). 
The values of n and k for EDPtE,  i.e. neef and ken 
respectively, as a function of  the metal-grain-to-void 
volume ratio q were calculated from both the M G T  and 
the EMT, by taking the values of  n and k of  bulk Pt in 
the 400-700 nm range and assuming that the voids filled 
up with the electrolyte solution. The M G T  was applied 
to both a dispersion of  Pt in H20,  and a dispersion of  
H 2 0  in Pt. Further, the values of neff and keer plotted 
against q can be compared with the experimental n and 
k values resulting from the A vs. 7 / relations for the 
EDPtEs obtained under different conditions. 
4.2.1. The electrodispersed Pt  electrodes f o r m e d  at 
0.002 V s - 1  
Different geometric models can be used to describe 
the rough metal surface such as square ridge, brush- 
like, triangular ridge and regular pyramid models [18]. 
Geometric models such as those involving either square 
ridges or brush-like or parallel columnar structures 
imply z-independent q values. 
Both the M G T  and the EMT were used to determine 
the influence of  surface geometry on the A vs. 7 /plots .  
The A vs. 7 /p lots  resulting from the EMT for values of 
n and k for bulk Pt and H 2 0  [36-38] and 0.5 < q < 0.7 
exhibit the same type of curvature as the experimental 
A vs. 7/plots .  This comparison favours a description of  
the EDPtE structure as a z-independent composite 
layer fitting the predictions of  the EMT for q = 
0.58 _+ 0.05 (Table 1). The EMT for 0.15 < qPt < 0.70 
predicts an increase in the value of  k and a decrease in 
the value of  n as qPt increases. The same value of  q can 
be derived from either n or k as expected from the 
coherence of the model. Therefore the geometric struc- 
ture of  the EDPtEs in the 1-50 nm average thickness 
range resulting from the electroreduction at 0.002 V s-1 
can approach that of a composite Pt layer consisting 
of  (58 ___ 5)% metal grains and ( 4 2 _  5)% voids filled 
up with the electrolyte solution. These values are close 
to 0.5, as concluded earlier from scanning tunnelling 
microscopy image processing [14]. 
4.2.2. The electrodispersed Pt  electrodes obtained 
at O.l V s  -~ 
The effective values of  n and k for EDPtEs produced 
at 0.1 V s-t  can be explained as produced by a metal- 
to-voids ratio of  about 60-70% by using n and k values 
of bulk Pt [36-39] and 1.33 < n < 1.76 for the elec- 
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trolyte solution. In this case the upper limiting value of 
n approaches the n value of ice [36, 38]. 
These results suggest that the EDPtE structure result- 
ing at 0.1 V s-I involves grains larger than those found 
at 0.002 V s -~. This type of deposit has been found for 
EDPtEs after aging for several hours in the electrolyte 
solution [ 14-17]. 
5. Conclusions 
(i) Ellipsometry data on the rough surfaces of 
HPtOLs and EDPtEs are reported for the first time. 
(ii) The values of n and k for HPtOLs correlate to 
those calculated for a composite material consisting of 
PtO2 and H20. 
(iii) The probable stoichiometry of the HPtOLs 
derived from ellipsometry can be represented as PtO2. 
pH20 ,  where the value o f p  lies between 2 and 4. The 
H20 content in the HPtOLs increases in going from the 
inner to the outer portion of the oxide layer. 
(iv) The EDPtE ellipsometric behaviour can be ap- 
proached in terms of a composite structure described by 
the EMT with a metal-to-void ratio of between 0.3 and 
0.6. 
(v) At EDPtEs the metal-to-void ratio becomes inde- 
pendent of the direction perpendicular to the electrode 
surface, in agreement with the brush-like structure con- 
cluded from scanning tunnelling microscope image pro- 
cessing [14-17] and Monte Carlo simulation of the 
corresponding growth processes [40, 41]. 
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